Introduction
The oral Fe requirements of baby pigs reared artificially in a conventional environment on a fortified cow's milk diet is 60 mg/kg milk solids (Matrone et al., 1960) . Ullrey et al. (1960) Michigan Agr. Exp. Sta. Journal Article No. 9931. 2 Dept. of Anim. Sci. 3 Dept. of Pathol.
determined that baby pigs fed a homogenized synthetic milk with 20% solids consisting of casein, glucose, lard, minerals and vitamins required 125 mg of Fe/kg solids. On the basis of mineral retention by sow-reared baby pigs, Manners and McCrea (1964) estimated an Fe requirement of 152 mg/kg air-dry diet.
To our knowledge, the Fe requirement of the germ-free pig has not been determined. Results presented by Reddy et al. (1965) indicated that rabbits raised in germ-free environments utilized Fe from ferric citrate poorly but utilized Fe from a natural ingredient (soybean meal) very well. Anemia in germ-free rabbits fed ferric citrate in the diet was alleviated by exposure to a conventional environment. By contrast, Geever et al. (1968) found greater absorption of Fe from SgFe sulfate by rats raised in a germ-free environment than by conventionally reared rats. Klasing et al. (1980) suggest that administration of Fe in amounts exceeding the minimum requirement should be avoided in order to allow maximum enteric bacteriostatic activity. On the other hand, Osborne and Davis (1968) found increased susceptibility to bacterial endotoxin in Fe-deficient pigs.
This study was conducted to determine the dietary Fe requirement of baby pigs reared in either a germ-free or a conventional environment fed a condensed milk diet, and to determine the adequacy of a single injection of 100 mg of Fe from Fe dextran for the subsequent 4 wk period.
Experimental Procedures
Twenty pigs were obtained from two sows by caesarotomy on d 112 of gestation and reared in isolators as described by Waxier et al. (1966) . These pigs are referred to hereafter as "germ-free" pigs. The pigs were fed from a 106 JOURNAL OF ANIMAL SCIENCE, Vol. 54, No. 1, 1982 shallow pan 60 g of sterile, condensed milk4/ feeding thrice daily until 6 d after delivery. Pigs were then randomly allotted to four treatment groups from litters, with two pigs from one litter and three pigs from the other litter assigned to each treatment. The four treatments were: (1) unsupplemented condensed milk (26% solids containing by analysis 10 gtg Fe/g solids), (2) condensed milk with 50 gig Fe from FeSO4"TH20 added/g solids, (3) condensed milk with 100 gtg Fe from FeSOa'7H20 added/ g solids and (4) unsupplemented condensed milk diet but a single im injection of 1 O0 mg Fe from Fe dextran s on the day of allotment. Fe was added to the respective diets at appropriate levels from a sterile solution of FeSO4"7H20 in double distilled, deionized water and stored in the isolators. All pigs were fed their diets thrice daily in the following amount per feeding: first wk, 90 g (23.4 g solids); second wk, 120 g; third wk, 150 g; fourth wk, 180 grams. Pigs were weighed weekly. Blood samples were taken weekly from the anterior vena cava of all pigs for cellular hematology and serum analysis. After 4 wk, all pigs were killed by exsanguination after an iv injection of sodium pentabarbital. Organs were weighed, and samples of liver, kidney, heart, spleen and muscle were frozen for subsequent determination of tissue Fe concentration.
Sixteen pigs were taken at 4 d of age from two nursing sows that had farrowed naturally in a conventional environment. Pigs were housed in individual stainless steel cages in a conventional environment and were fed the condensed milk diet (60 g from bottle feeding thrice daily) as their only source of food and water. After 4 d, two pigs from each of the two litters were randomly allotted to each of the four treatments described for the germ-free pigs. During the first wk, all pigs were fed 60 g of the condensed milk four times daily. Thereafter, pigs were fed thrice daily an amount of diet that they would readily consume. Weekly blood samples and terminal tissue samples were taken as from the germ-free pigs.
*Carnation Evaporated Milk, Carnation Co., Los Angeles 90036.
S Armidexan, Bradley Products Co., Omaha, NE 68103.
6Beckman Spinco Analytrol, Beckman Instruments, Inc., Fullerton, CA 92634.
A small portion of the blood from each bleeding was quickly heparinized, and, from this, erythrocyte, leukocyte, hemoglobin and hematocrit determinations were made as described by Ullrey et al. (1959) . The remainder of the blood was placed in acid-washed centrifuge tubes, allowed to clot and centrifuged at 2500 x g, and the serum was withdrawn and placed in acid-washed vials. Serum iron concentration was determined by atomic absorption spectrophotometry. Total serum protein was determined by the method of Hartree (1972) , and electrophoretic separation of serum proteins was accomplished on agar gel in a modified Durrum cell (Cawley and Eberhardt, 1962) . Quantification was with a densitometer 6 .
Because the germ-free and conventional pigs were from different litters, and because the conventional pigs were considerably heavier when Fe treatments were initiated, data were not treated so as to test statistical significance between germ-free and conventional pigs. Nonorthogonal comparisons of treatment means of each trait within each of the two environments were made, with Scheffe's inverval (Gill, 1978) used to test significance.
Results and Discussion
All of the pigs reared in the conventional environment without supplemental Fe died before the end of the trial. One died during the first wk, two the second wk and the other during the final wk. None of the germ-free pigs on this treatment died. The conventional pigs were heavier (table 1) and more anemic (table 2) at the start of the trial than the germ-free pigs. Conventional pigs gained weight more rapidly and more efficiently than the germ-free pigs during the 4-wk trial, although relative gains (gain + body weight) were similar. It is apparent from the gain and efficiency data (table 1) that 60/ag of Fe/g solids (10 ppm in basal + 50 ppm added) in a condensed milk diet is adequate to support maximum gain of either germ-free or conventional pigs under these rearing systems. Furthermore, a single im injection of 100 mg of Fe from Fe dextran is adequate to maximize gains by both germ-free and conventional pigs reared in this way.
Hemoglobin concentration, hematocrit, erythrocyte count, corpuscular constants and serum Fe concentration all were positively related to diet Fe level (table 2) . After 4 wk on Hb more efficiently than the higher concentration of diet Fe. Actually, there was a tendency for Fe to be incorporated into Hb more efficiently by conventional pigs than by germ-free pigs. Therefore, it is quite probable that if the germ-free pigs had grown as rapidly as the conventional pigs, their Fe requirement would not have been met by 60 #g Fe/g solids in the diet or by 100 mg of Fe from Fe dextran ira. Serum Fe concentration was rapidly elevated by parenteral Fe dextran but also dropped rapidly, and after 4 wk was similar to the initial value. This finding is similar to that reported by Furugouri (1971 Furugouri ( , 1972 . At none of the sampling times was serum Fe concentration of the pigs given 50/ag supplemental Fe/g diet solids significantly greater than that of the pigs given no supplemental Fe. By 2 wk after the start of the trial, pigs given 100 #g supplemental Fe/g diet solids had serum Fe concentrations similar to those of pigs given 100 mg Fe parenterally, but, by the end of the trial, serum Fe concentration was highest in those pigs given 100 #g supplemental Fe/g diet solids.
Mean corpuscular volume and mean corpuscular hemoglobin of the germ-free pigs were consistently greater than those of the conventional pigs, while mean corpuscular hemoglobin concentration was similar for the two groups of pigs.
Serum total protein concentration, as well as the electrophoretic fractions, was not signifi-
candy affected by supplemental Fe. Serum albumen, ~3-globulin, -f-globulin and total serum protein concentrations were lower in germfree pigs than in conventional pigs at the start of the trial. By the end of the trial, germ-free pigs had lower concentrations of the -f-globulin fraction only. This was expected because most of the "f-globulin in the serum of conventional pigs was that obtained from colostrum in the first few hours of life (Miller et al., 1961) which diminished over the next 3 wk and did not diminish further because of the initiation of immune globulin synthesis (Miller et al., 1962) . The serum -f-globulin concentration of germfree pigs remained low over the entire 4 wk of the trial, as observed by Segre (1966) in colostrum-deprived pigs. Leukocyte count was significantly affected by Fe supplementation in both germ-free and conventional pigs. By 2 wk after the start of the trial, there was a positive relationship between diet Fe level and leukocyte count; regressions of leukocyte counts (Y, 103/mm 3) on supplemental diet Fe concentration (x, /ag/g solids) were Y = .038x + 6.83 (r = .97) for the germfree pigs and Y = .067x + 6.48 (r = .98) for the conventional pigs.
Earlier studies (Miller et al., 1967 ) revealed enlarged spleen, heart and adrenals in Fedeficient pigs. In the present study (table 4) , only the adrenals were significantly enlarged in Fe-deficient, germ-free pigs. All of the conventional pigs that received no supplemental Fe died during the trial. Nevertheless, organ weights were taken and, although actual organ weights of these pigs were lower than those of Fe-supplemented, conventional pigs, in relation to their body weight, the heart and adrenals of conventional Fe-deficient pigs were larger than normal. In earlier studies in which the spleen was greatly enlarged in Fe-deficient pigs (Miller et al., 1967) , the Fe deficiency was not as acute and pigs were fed the low-Fe diet for 6 wk (Ullrey et al., 1960) .
Tissue Fe data are summarized in table 4. Tissue Fe concentrations of both conventional and germ-free pigs tended to reflect the extent of Fe supplementation. Because all of the conventional pigs that received no supplemental Fe died early in the trial, tissue Fe values are not comparable to those for pigs on the other treatments. Liver and spleen Fe concentrations were higher in germ-free pigs than in conventional pigs on the same Fe treatment, while muscle Fe concentration was similar for both groups. If one calculates the total organ Fe in liver and spleen of pigs given the same Fe treatment, there is much closer agreement between germ-free and conventional pigs. For example, germ-free pigs given 50 #g supplemental Fe/g diet solids had total liver Fe of 73 g x 36.4/ag/g = 2.66 mg and conventional pigs on the same treatment had liver Fe of 191 g • 13.0 /ag/g = 2.48 mg. Similarly, with the same Fe treatment, total spleen Fe was 7.4 g • 133.0 /ag/g --.98 mg for germ-free pigs and 18 g x 42.2 /ag/g = .76 mg for conventional pigs. Similar relationships existed between germ-free and conventional pigs given 100/ag supplemented Fe/g diet solids and those given 100 mg Fe im from Fe dextran. Thus, it appears from these data and the data in table 3 that germ-free and conventional pigs utilize Fe either from oral or perenteral source with similar efficiencies of incorporation into Hb as well as for storage of Fe in liver and spleen.
The results of these studies suggest the following conclusions: (1) Germ-free and conventional pigs utilize Fe from FeSO4"7H20 in a condensed milk diet or from parenteral Fe dextran with similar efficiency for incorporation into Hb or for storage of Fe in liver and spleen.
(2) The supplemental oral Fe (from FeSO4" 7H20) requirement of germ-free or conventional pigs reared on a condensed milk diet (10 #g Fe/g solids) to produce maximum weight gain is not greater than 50 /ag/g diet solids. Maximum weight gain over a 4 wk period is also achieved by germ-free or conventional pigs fed the basal condensed milk diet and given a single im injection of 100 mg Fe from Fe dextran. (3) The supplemental oral Fe (from FeSO4"7H20) requirement of conventional pigs reared on a condensed milk diet (10 /ag Fe/g solids) to ensure a blood Hb concentration of above 9 g/dl is greater than 50 ppm but less than 100 ppm. This is probably also true for germ-free pigs that make maximal body weight gains. A single im injection of 100 mg of Fe from Fe dextran will not maintain a blood Hb concentration above 9 g/dl for more than 3 wk in germ-free or conventional pigs that make maximal body weight gains. (4) Serum Fe concentration in pigs is positively related to dietary Fe supplementation up to 100/ag/g solids in a basal condensed milk diet. Neither 50 ppm of supplemental oral Fe nor a single im injection of 100 mg of Fe from Fe dextran will maintain serum Fe concentration above 100 /ag/dl in pigs that make maximal Literature Cited
